Abstract Schizophrenic patients show altered sensory perception as well as changes in electrical and magnetic brain responses to sustained, frequency-modulated sensory stimulation. Both the amplitude and temporal precision of the neural responses differ in patients as compared to control subjects, and these changes are most pronounced for stimulation at gamma frequencies (20-40 Hz). In addition, patients display enhanced spontaneous gamma oscillations, which has been interpreted as 'neural noise' that may interfere with normal stimulus processing. To investigate electrophysiological markers of aberrant sensory processing in a model of schizophrenia, we recorded neuronal activity in primary somatosensory cortex of mice heterozygous for the schizophrenia susceptibility gene Neuregulin 1. Sensory responses to sustained 20-70 Hz whisker stimulation were analyzed with respect to firing rates, spike precision (phase locking) and gamma oscillations, and compared to baseline conditions. The mutants displayed elevated spontaneous firing rates, a reduced gain in sensory-evoked spiking and gamma activity, and reduced spike precision of 20-40 Hz responses. These findings present the first in vivo evidence of the linkage between a genetic marker and altered stimulus encoding, thus suggesting a novel electrophysiological endophenotype of schizophrenia.
intense research during the past decades. Using electroencephalography (EEG) or magnetoencephalography (MEG), several studies have measured neuronal activity in response to sustained visual, auditory and somatosensory stimuli in patients. Schizophrenic subjects displayed reduced amplitudes of steady-state oscillations during sustained 20-40 Hz sensory stimulation, and a decreased temporal precision of responses (Edgar et al. 2013; Ikuta et al. 2007; Krishnan et al. 2005; Kwon et al. 1999; Light et al. 2006; Mulert et al. 2011; Spencer et al. 2008; Teale et al. 2013; Tsuchimoto et al. 2011) . In addition to these stimulus-related deficits, an aberrant increase in oscillatory power (20-50 Hz) during baseline conditions has been observed in schizophrenic subjects (Brockhaus-Dumke et al. 2008; Itil et al. 1972; Kikuchi et al. 2011; Spencer 2012; Venables et al. 2009 ). It has been suggested that these changes reflect a reduced signal-tonoise ratio (SNR) of cortical responses (Flynn et al. 2008; Krishnan et al. 2005; Vogels and Abbott 2007; Winterer et al. 2000) , where the 'signal' is related to aberrant stimulusevoked activity, and the 'noise' is related to increased baseline activity (for review, see Gandal et al. 2012a) .
Some of these neurophysiological markers of schizophrenia have also been observed in various animal models of schizophrenia. These models were generated by pharmacological or genetic interventions to reflect certain aspects of the schizophrenia pathology. Research has shown that interfering with N-Methyl-D-aspartate (NMDA) receptor function and related pathways results in neurophysiological changes similar to those seen in patients. Describing the baseline activity in freely moving or anesthetized animals, studies found enhancements in oscillatory 30-80 Hz power (Carlen et al. 2012; Del Pino et al. 2013; Gandal et al. 2012b; Hakami et al. 2009; Kittelberger et al. 2012; Kocsis 2012; Kulikova et al. 2012; Ma and Leung 2007; Marquis et al. 1989; Molina et al. 2014; Pinault 2008) and in spiking activity (Belforte et al. 2010; Carlen et al. 2012; Jackson et al. 2004; Molina et al. 2014; Wood et al. 2012; Zhang et al. 2012) in different cortical and subcortical regions. In addition, reduced temporal precision of spiking and oscillatory activity has been reported in these models, in particular in the hippocampus and prefrontal cortex (Carlson et al. 2011; Del Pino et al. 2013; Featherstone et al. 2013; Molina et al. 2014; Nason et al. 2011; Sigurdsson et al. 2010; Zhang et al. 2012) .
Despite the progress in illuminating the neuronal mechanisms of schizophrenia, little is known about changes in sensory information processing in primary sensory cortices in schizophrenia models. In response to auditory stimulation under awake conditions, reduced oscillatory power has been described in various disease models (Carlson et al. 2011; Featherstone et al. 2013; Vohs et al. 2012) . However, an exact location of these deficits could not be defined due to the low spatial resolution of the EEG recordings. In addition, optogenetic activation of the primary somatosensory cortex of anesthetized mice with a deletion of the NR1 subunit of the NMDA receptor resulted in neuronal firing that was less temporally precise than in control mice (Carlen et al. 2012) . However, responses to direct whisker stimulation have not been investigated. So far only one study has assessed sensory-evoked gamma activity in a schizophrenia model. Rats treated with the NMDA receptor antagonist ketamine displayed a reduction in stimulus-locked gamma oscillations in response to a single whisker deflection (Kulikova et al. 2012) . Whether induced, non-locked gamma components are also altered, and whether the gamma deficits are stimulus-specific, is currently not known.
The Neuregulin 1 (NRG1) gene has been robustly associated with an increased susceptibility for schizophrenia (Agim et al. 2013; Li et al. 2006; Munafo et al. 2006) , and may be linked in particular to the non-deficit subtype of the disorder (Bakker et al. 2004 ). The gene ranks 16th among more than 500 reported risk genes (Sun et al. 2008) and shows a strong association with behavioral and electrophysiological endophenotypes of schizophrenia in humans (Greenwood et al. 2011; Greenwood et al. 2012) . Mice heterozygous for NRG1 (Meyer and Birchmeier 1995) also display various endophenotypes, including deficits in auditory novelty detection, contextual fear conditioning and social interaction (Ehrlichman et al. 2009 ), as well as hyperlocomotion and impaired sensory gating after pharmacological challenge (Duffy et al. 2008 ).
Here we investigated sensory-related spiking and gamma activity in the primary somatosensory cortex in the Neuregulin 1 model of schizophrenia. To examine frequency-specific changes in sensory responses, we stimulated whiskers at frequencies ranging from 20 to 70 Hz. This range is important for the whisking behavior in mice (Jin et al. 2004; Ritt et al. 2008; Voigts et al. 2008 ) and also encompasses frequencies at which deficits have previously been reported in patients with schizophrenia (e.g., Krishnan et al. 2005; Kwon et al. 1999; Teale et al. 2013) . Based on prior work in other schizophrenia models, we hypothesized changes in spiking and oscillatory activity during sensory stimulation relative to baseline conditions. The findings were expected to help elucidate the cellular basis of schizophrenia-related deficits in sensory processing.
Materials and methods

Animals
Animal procedures adhered to the ethical guidelines of the NIH and were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania. Animals were obtained from S. Siegel and T. Brodkin (University of Pennsylvania) and bred on a C57BL/6/129 hybrid background (Ehrlichman et al. 2009 ). Heterozygous NRG1 mutants were originally created by fusing b-galactosidase to exon 6 of the NRG1 allele, which is the N-terminal of the EGF-like domain that is present in all NRG1 isoforms (Meyer and Birchmeier 1995) . Thus, the mutation affects all types of NRG1 transcripts (Meyer et al. 1997) . A total of 19 adult male mice aged 4-6 months were used for the procedures, of which 12 were NRG 1 ?/-mice, and 7 were wild-type (WT) littermates (NRG1 ?/?). Mice were genotyped twice using tail clips both after birth and after death. Polymerase chain reaction (PCR; 35 cycles, annealing at 60°C) was performed with the REDExtract-NAmp Tissue PCR Kit (Sigma-Aldrich) and the following primers: Primer 1 (NDF-): 5 0 -TGC TGC TTT CTT CGC TCT TCA GAA GC-3 0 . Primer 2 (NDF?): 5 0 -GAG ATG GTC ATG TCC TTG TCA CTA AC-3 0 . Primer 3 (NDFneo): 5 0 -CGA ATT CGC CAA TGA CAA GAC GCT G-3 0 .
Preparation
Mice were initially sedated with xylazine (13 mg/kg i.p.; Butler Schein Animal Health, Dublin, Ohio) and after 15 min, anesthetized with 3.5 % isoflurane (Abbott, North Chicago, Illinois). All surgical procedures were carried out under isoflurane maintained between 1 and 1.5 %. After performing a tracheotomy, animals were artificially ventilated with the mouse ventilator MiniVent 845 (Harvard Apparatus; 140-170 strokes/min, 180-220 ll/stroke) and placed in the stereotaxic frame (model 1730, David Kopf Instruments, Tujunga, California). Mice received a single dose of glycopyrrolate (0.02 mg/kg i.p.; American Regent, Shirley, New York) and dexamethasone (4 mg/kg i.p.; American Regent) to reduce brain swelling and secretions, respectively. A craniotomy was performed over the barrel cortex (3.2-4.3 mm lateral, 0.6-1.6 mm posterior to Bregma) and the dura was carefully resected. After the probe was inserted, the cortex was left to recover for about 1 h before recordings began. Throughout the recordings, isoflurane was replaced by fentanyl (10-40 lg/kg/h i.p.) to maintain the animal in a sedated state. If the animals presented any sign of discomfort, isoflurane 0.1-0.5 % was added to supply this anesthesia regime. Body temperature was maintained at 35-37°C with a heating pad and a thermometer.
Electrophysiology Recordings ( Fig. 1) were performed with 16-channel silicon probes configured as 2 9 2 tetrodes (Neuronexus, Ann Arbor, Michigan). The probe consisted of two shanks, spaced 150 lm apart, with two tetrodes each, also spaced 150 lm apart. Each tetrode was made of four electrodes placed in a diamond shape. Electrodes had a diameter of 11 lm and were spaced 25 lm apart. Probes were carefully inserted into the brain perpendicular to the surface and lowered to layers II/III and IV under visual guidance and based on readings from the micromanipulator. Signals were amplified (95,000) and filtered (local field potential = 0.1-300 Hz; spikes = 600-6 kHz), and digitized at 33.657 kHz (Cheetah, Neuralynx). Waveforms crossing set thresholds (100-120 lV) were captured via the A/D card and analyzed off-line. Multi-unit activity (MUA) was defined as all spikes recorded by one tetrode and reflects the activity of a local neuronal population. Single unit activity (SUA), which presumably reflects the firing of single neurons, was first identified using automated clustering software utilizing peak and trough feature sets (KlustaKwik). These clusters were then examined manually for waveform shape to discard non-cell clusters, and combine clusters that captured waveforms from the same cell. These clusters were further refined by hand upon examination of the interspike intervals (SpikeSort3D, Neuralynx). Off-line re-evaluation of clusters was essential to avoid false clusters or extra clusters typically added by the automatic clustering routine. Most tetrodes had one to three separable cells. However, their spontaneous and stimulus-evoked firing rates were too low (\2 Hz) to perform statistical comparisons. Therefore, the analysis was restricted to MUAs.
Stimulation
Whiskers were trimmed to 0.7 cm and stimulated with air puffs delivered with Picospritzer III (General Valve, Fairfield, New Jersey; 70 psi at the source). Air puffs were applied with a glass capillary for precise stimulation of 2-5 whisker tips (usually whiskers in rows C/D, arcs 3/4). Stimulation was targeted to evoke the largest response in local field potentials and multi-unit spiking with the shortest latency (Histogram software, Neuralynx). Air puff stimuli were controlled by Igor software (WaveMetrics Inc., Lake Oswego, Oregon). 
Response precision
Temporal fidelity of neuronal responses was measured in terms of phase locking. First, phase histograms were generated for sustained responses during the stimulus train. Then stimulus-evoked spikes were counted for each stimulation condition across all trials and plotted on a 0-360°a xis (100 bins), corresponding to the time between two successive stimuli in a stimulus train. To determine the degree of phase locking of sustained responses to the stimulus, vector strength r was calculated according to the following formula:
L is the vector length, n is the total number of spikes in the phase histogram for a given stimulation frequency, h is the phase angle at which a spike occurs: h = 2p(t/T). T is the period of the stimulation frequency and t is the time at which the spike occurs. To assess the statistical significance p of the vector strength, the Rayleigh statistic was used: p = exp(-nr 2 ). Values of vector strength were included in the population analysis if phase histograms contained [45 spikes and p B 0.001.
Inclusion criteria
MUAs were included in the analysis if the responses were large and showed frequency modulation and a short onset latency (14 ± 1.5 ms). To test whether MUA responses were significant, PSTHs were computed for each MUA across all trials (bin size: 50 ms). MUA responses were compared to a Poisson distribution with l equal to the mean number of spikes per bin during baseline activity measured for 1.5 s before stimulus presentation across all trials. If the probability of observing an equal or greater number of spikes was less than 0.1 %, the response was considered significant:
where x is the first bin after stimulus presentation and l is the average of 1.5 s of baseline spiking (30 bins) before stimulus presentation.
Gamma oscillations
Changes in gamma power (20-40 Hz) of the local field potentials (LFPs) were measured during 50-70 Hz stimulation. These stimulation parameters were chosen based on a previous study on gamma oscillations induced by high frequency whisker stimulation in rat barrel cortex (Ewert et al. 2008) . LFPs included in the power analysis were derived from tetrodes at which MUA responses with short latencies (14 ± 1.5 ms) and clear stimulus responses (PSTH analysis) were simultaneously recorded. Power spectral analysis was performed with a 8,192 point Hanning window on single-trial LFPs, thus revealing non-stimuluslocked (induced) components. Power was measured for sustained responses 0.15-1 s after stimulus onset, thus excluding onset responses (high frequency experiment). Baseline power was measured during a 0.85 s window, 1 s before stimulus onset. Power measures quantified during stimulation and baseline conditions included absolute gamma in the 20-40 Hz range (19.7-39.7 Hz), and total power in the 5-100 Hz range (5.3-99.3 Hz). In addition, relative gamma was calculated by dividing absolute gamma by the total power spectrum, thus accounting for possible influences in the low frequency range on gamma power. From 16 LFPs recorded in each trial, four LFPs that showed maximal relative gamma values were included in the b Fig. 1 Recordings of sensory-evoked multi-unit activity in the mouse barrel cortex. analysis of gamma SNR. Gamma SNR was measured by dividing relative gamma during stimulation by relative gamma during baseline. The gain in gamma SNR across stimulation frequencies was assessed by fitting a linear function to the average relative gamma power of individual LFPs in each condition (least squares method).
Results
To characterize the influence of NRG1 alterations on cortical sensory-evoked responses, we performed extracellular recordings using tetrodes in the barrel cortex of wild-type (WT) and NRG1 heterozygous mice [NRG1 (?/-)]. We compared the responses to whisker deflections with brief air puffs at increasing frequencies (20-70 Hz) as well as spontaneous activity (Fig. 1a) . The example in Fig. 1b shows raw traces from the four wires in a tetrode during responses to a train of whisker stimulation at 70 Hz. The raw traces (before filtering) mostly represent local field potentials (LFPs) given their much higher amplitude compared to spikes. An initial large phasic response is followed by sustained high frequency activity for the duration of the stimulus train. To extract spikes, the traces were filtered (0.6-6 kHz), thresholded and single units separated by cluster cutting analysis (Fig. 1c, d ). Clustering extracellular spike waveforms from the different wires in the tetrode typically enabled discrimination of 1-3 units from a single tetrode (Fig. 1d) . However, their spontaneous and evoked firing rates were too low (\2 Hz) to allow robust statistical comparisons. Thus, data analysis was instead performed on multi-unit activity (MUA). Quantitative data were derived from 28 to 25 MUAs for WT and NRG1 (?/-) mice, respectively.
Elevated spontaneous and stimulus-evoked firing rates in NRG1 (?/-) mice All MUAs were significantly activated by repetitive whisker deflections at all stimulation frequencies (Fig. 1e) , as assessed by Poisson statistics (see ''Materials and methods''). The example recordings in Fig. 1e illustrate the main difference between WT (left panel) and the NRG1 (?/-) mice (right panel). In both cases, the dot rastergrams showed a robust response to all frequencies (20-70 Hz from top to bottom, each line is a trial). However, both the baseline and the response firing rates were higher in the NRG1 (?/-) mouse than the control animal (Fig. 1e , rasters). Spike output during train stimulation maintained consistent phase relationships with the stimulus cycle (Fig. 1e , phase) but the vector strength (VS; discussed below) was smaller in the NRG1 (?/-) mouse for frequencies at and below 40 Hz (Fig. 1e, VS ).
Outside periods of stimulation, the mean firing rate was 3.84 ± 0.95 Hz (mean ± SEM) for WT and 22.61 ± 4.39 Hz for NRG1 (?/-) animals (Mann-Whitney, p \ 0.0001; Fig. 2a) . Thus, on average NRG1 (?/-) mice displayed a 5.9-fold increase in baseline mean firing rates compared to WT controls.
We next characterized neuronal responses to repetitive whisker stimulation. For both strains, MUA mean firing rate increased with increasing stimulation frequencies (Fig. 2a, b) . On average, WT mice increased their mean firing rate by 5.54 ± 1.46 Hz per 10 Hz increase in stimulation frequency, while NRG1 (?/-) mice increased their mean firing rate by 8.37 ± 1.71 Hz per 10 Hz increase in stimulation frequency p [ 0.05) . Those values were calculated from the equation of the linear fit of the tuning curves of individual MUAs (Fig. 2b) .
When comparing the absolute stimulus-evoked activity, NRG1 (?/-) animals displayed a significantly elevated mean firing rate in response to all stimulation frequencies below 60 Hz (Mann-Whitney, Bonferroni-corrected; Table 1 ).
Diminished signal-to-noise ratio and gain in NRG1 (?/-) mice Since NRG1 (?/-) MUAs showed higher mean firing rates both during spontaneous and sensory-evoked activity compared to WT animals, we calculated the signal-to-noise ratio (SNR) for the two strains. SNR was calculated as the ratio of the mean firing rate during whisker stimulation divided by that during baseline.
Despite the increased firing rate, SNR was reduced in NRG1 (?/-) mice compared to WT mice at all stimulation frequencies tested (Mann-Whitney, Bonferroni-corrected; Table 2 ; Fig. 2c, d) .
In both groups, the SNR increased monotonically with increasing stimulation frequency, but the increase was smaller in NRG1 (?/-) mice than in WT animals. While the relative response magnitude increased by factor 2.63 ± 0.62 per 10 Hz increase in stimulation frequency in WT mice, the increase was only 0.74 ± 0.16 in NRG1 (?/-) mice (Mann-Whitney, p \ 0.001). Those values were extracted from the equation of the linear fit of the tuning curves of individual MUAs (Fig. 2d) .
Reduced precision of sensory-evoked responses in NRG1 (?/-) mice Since precise spike timing might have important implications for the representation of sensory stimuli in primary cortical areas, we assessed whether the reduction in the SNR observed in NRG1 (?/-) animals was associated with a decrease in the temporal precision of the sensory-evoked responses. We calculated the phase locking of MUA to the stimulus cycles for each stimulation frequency. The degree to which responses were phase-locked to the stimuli was assessed using a vector strength analysis (see ''Materials and methods''), where higher values of vector strength r denote better phase locking (a vector strength value of 1 indicates perfect phase locking to the stimulus, whereas a vector strength of 0 indicates absence of a consistent phase relationship of the spikes to the stimulus cycles).
For all stimulation conditions, MUAs from WT and NRG1 (?/-) animals displayed significant phase locking to the stimulus cycles ( Fig. 2e, f ; see raw data from one experiment in Fig. 1e) . In WT mice, the frequency of the stimulation did not substantially affect the temporal fidelity of the MUA responses. For NRG1 (?/-) mice, MUAs showed a reduction in their phase locking to the stimulus cycles for frequencies below 50 Hz (Bonferroni-corrected t tests; Table 3 ). Thus, when the sensory-evoked firing rate is low, the decrease in the SNR observed in NRG1 (?/-) animals occurs concomitantly with a decrease in the temporal precision.
Reduced sensory-induced gamma oscillations in NRG1 (?/-) mice
The LFP from barrel cortex demonstrated robust gamma (20-40 Hz) oscillations during the response to trains of stimulation (Fig. 3a) . Gamma oscillations were already visible in the raw LFP (top row) but were made clear by filtering the LFP between 10 and 50 Hz (Fig. 3a, middle  row, filtered) .
The power spectrum of the unfiltered LFP responses showed a 1/f profile with a clear peak at around 20-25 Hz Tables 1, 2 for  details) in the WT example, and around 30-35 Hz in the NRG1 (?/-) example (Fig. 3a , bottom row, peak indicated by asterisk). We observed some variability in the gamma peak across individual animals, but not across groups (WT: 23.8 ± 0.8 Hz, n = 36; NRG1 (?/-): 23.7 ± 0.8 Hz, n = 32; Mann-Whitney, p [ 0.05). We divided the total power within the gamma frequency band (between 20 and 40 Hz) by the total power between 5 and 100 Hz to obtain relative gamma power at each stimulation frequency (Fig. 3b) . In addition, we divided relative gamma power during whisker responses by that during baseline to obtain the SNR of sensory-induced gamma oscillations (Fig. 3c) . Both parameters increased as a function of stimulation frequency in both strains (Fig. 3b, c) . Individual measurements were well fit by a linear function and the average of all linear fits for each strain is superimposed to the mean power at each frequency. However, relative gamma and gamma SNR increased significantly more in WT than NRG1 (?/) mice (Mann-Whitney; p \ 0.001 for relative gamma and p \ 0.0001 for SNR).
Discussion
EEG and MEG studies in schizophrenic patients revealed changes in baseline neural activity, and in the amplitude and temporal precision of the neural response to sustained sensory stimulation (e.g., Krishnan et al. 2009; Spencer 2012) . To investigate these electrophysiological markers in a model of schizophrenia, we compared cellular responses during baseline conditions and during sustained whisker stimulation in WT and NRG1 (?/-) mice. The results revealed schizophrenia-like changes in spontaneous activity as well as alterations in firing rates, spike precision and gamma oscillations during stimulation. As far as we are aware, this is the first in vivo report of impaired encoding of frequency-modulated sensory information in a mouse with a genetic mutation associated with schizophrenia.
Elevated baseline firing in NRG1 (1/2) mice
Our finding of enhanced baseline spiking activity is in line with previous reports in other animal models expressing various endophenotypes of schizophrenia. An in vitro study showed that the deletion of the NRG1 receptor ErbB4 enhances excitatory and inhibitory activity in hippocampal slices, as suggested by an increased number of EPSCs in both excitatory and inhibitory neurons, and increased spontaneous firing rates of inhibitory neurons (Del Pino et al. 2013 ). In addition, various in vivo studies have linked reduced NMDA receptor activity (either via genetic deletion of the NR1 subunit or by NMDA receptor block) to schizophrenia-like behavioral and cognitive disturbances (Belforte et al. 2010; Jackson et al. 2004) , as well as enhanced spontaneous firing rates in different cortical and subcortical areas, including the primary somatosensory cortex (Belforte et al. 2010; Carlen et al. 2012; Jackson et al. 2004; Molina et al. 2014; Wood et al. 2012; Zhang et al. 2012) . Increased cortical excitation after NMDA receptor blockage has been shown to result from reduced activity of inhibitory neurons, followed by disinhibition (and elevated firing) of excitatory cells (Homayoun and Moghaddam 2007) . In line with this finding, modeling studies revealed that increased spontaneous cellular activity is due to increased excitation and disinhibition in a cortical neuronal network (Murray et al. 2012; Vogels and Abbott 2007) .
Together, the results obtained in genetic, pharmacological and computational studies indicate that increased excitation and reduced inhibition are associated with enhanced spontaneous neuronal activity and schizophreniarelated cognitive impairments. Our results demonstrating increased baseline activity in NRG1 (?/-) mutants are in agreement with these findings, since NRG1 is an important Group differences in vector strength (VS) were assessed per condition using unpaired t tests. The mean VS ± SEM of WT and NRG1 (?/-) responses are shown as well as the number of MUAs (n), the t statistic, the degrees of freedom (df) and the corresponding p value (in bold for significant differences). Bonferroni-corrected significance level: p = 0.008 regulator of the excitatory-inhibitory neuronal microcircuitry. Loss of NRG1 function is associated with a reduction in inhibition (less excitatory drive to inhibitory cells; Ting et al. 2011) , and an increase in excitation (less inhibitory drive to excitatory cells, i.e., disinhibition; Fazzari et al. 2010 ). In addition, NRG1 (?/-) mutants display various cognitive endophenotypes of schizophrenia (Ehrlichman et al. 2009 ). Some studies on NRG1-related effects on baseline responses are at variance with our findings, however. In hippocampal slices, there were no changes in basal synaptic transmission in mice overexpressing NRG1 type I (Deakin et al. 2012 ) and in heterozygous NRG1 EGF-like domain knockout mice (Bjarnadottir et al. 2007) . Similarly, other studies reported that NRG1 treatment of hippocampal slices had no effects on basal synaptic transmission (Bjarnadottir et al. 2007; Huang et al. 2000; Kwon et al. 2005) , although one study reported increased firing rates of inhibitory cells in hippocampal and cortical slices after NRG1 treatment (Li et al. 2011) . Moreover, acute extracellular recordings of single cells and LFPs in hippocampus and nucleus accumbens in urethane anesthetized NRG1 type III knockouts revealed no difference in mean firing rates between mutant and WT neurons (Nason et al. 2011 ). The contradiction with our results may be explained by differences in recording methodology (in vitro versus in vivo), anesthesia type and depth, or differences in the brain region and NRG1 isoform/ mutation under investigation. With regard to anesthesia, baseline firing rates are generally decreased under deep anesthesia such as under urethane, which may occlude potential NRG1-related changes in firing rate in the nucleus accumbens (Nason et al. 2011 ). More generally, it is conceivable that NRG1-related effects on baseline firing rates are dependent on the precise excitatory-inhibitory tuning of the network, which might differ according to the type of NRG1 mutation or isoform, the connectivity in the brain region being studied, and the brain state (awake versus anesthetized). In support of this hypothesis, brain statedependent effects have been shown after NMDA antagonist treatment, with decreased and increased baseline firing rates in urethane-anesthetized animals (Gratton et al. 1987 ) and awake animals (Jackson et al. 2004) , respectively. In addition, modeling studies showed that increases in baseline firing rates depend on the functional connectivity of the network (i.e., responsiveness of sending and target neurons) and on the combination of hyperexcitability and disinhibition (Vogels and Abbott 2007) .
Increased neuronal responsiveness to sensory stimulation in NRG1 (?/-) mice
We further demonstrated enhanced mean firing rates in response to 20-50 Hz whisker stimulation in NRG1 (?/-) mice. To the best of our knowledge, this is the first report of changes in sensory-evoked neuronal firing rates in an animal model with a genetic mutation associated with schizophrenia in vivo. In agreement with our results, recent patch-clamp experiments in hippocampal slices of ErbB4 knockout mice revealed that the firing rate of inhibitory neurons is enhanced after ramp stimulation compared to firing rates in normal mice (Del Pino et al. 2013 ). In addition, hippocampal stimulation in anesthetized ErbB4 mutants was shown to facilitate hippocampal LFP responses (Del Pino et al. 2013) . Similarly, enhanced firing rates were found during electrical stimulation of pyramidal neurons in hippocampal slices of mice deficient for the NR1 subunit of the NMDA receptor (Gandal et al. 2012b) .
Modeling studies suggested that increased stimulusevoked firing as well as increased baseline firing result from elevated levels of excitation and reduced inhibition in neuronal networks (Vogels and Abbott 2007 ). In particular, the level of background activity or 'noise' can affect the integrative properties of the neuron (Destexhe and Pare 1999) and its responsiveness to a stimulus, the 'gain' (Chance et al. 2002) . In pyramidal cells, increasing background synaptic activity results in a more depolarized membrane potential and larger fluctuations in membrane potential (Destexhe and Pare 1999) . Consequently, pyramidal cells show an enhanced responsiveness, also to inputs that would normally be subthreshold (Ho and Destexhe 2000) . In NRG1 (?/-) mutants, a similar mechanism might explain enhanced response amplitudes that are independent of the stimulation frequency.
Reduced signal-to-noise ratio and gain of spiking activity in NRG1 (?/-) mutants
We observed a reduction in spike SNR and in SNR gain across stimulation frequencies in NRG1 (?/-) mutants, while mean firing rates (not normalized to baseline firing) had similar gain functions in mutants and WT mice. This pattern suggests that decreased SNR gain in mutants is primarily due to enhanced baseline firing rates. The findings indicate that elevated baseline firing rates significantly alter cortical processing of stimulus-related information. Such mechanism provides a possible link between the previously reported enhanced firing rates in the prefrontal and somatosensory cortices in schizophrenia models based on NMDA receptor hypofunction, and the associated deficits in cognitive functioning (Belforte et al. 2010; Jackson et al. 2004 ).
Impaired phase locking of spikes in NRG1 (?/-) mice
We further demonstrated reductions in sensory-evoked phase locking of firing rates for stimulation frequencies between 20 and 40 Hz in NRG1 mutants. Previous research has investigated changes in phase relationships between oscillatory brain activity (i.e., LFPs) in various schizophrenia models, revealing alterations in phase locking between brain areas (phase coherence; Del Pino et al. 2013; Nason et al. 2011; Nicolás et al. 2011; Sigurdsson et al. 2010; Zhang et al. 2012 ) and between trials (intertrial coherence; Carlson et al. 2011; Featherstone et al. 2013; Vohs et al. 2012) . To the best of our knowledge, only two studies have examined the timing of action potentials in rodent models of schizophrenia. One study recorded activity from regular spiking cells in the prefrontal cortex of freely behaving rats and found a reduction in pair-wise spike correlations after MK801 administration (Molina et al. 2014) . Another study examined the reliability of stimulus-related spike timing in mice with an interneuronspecific deletion of the NR1 subunit of the NMDA receptor. The mutants showed less precise responses to optogenetic activation of the somatosensory cortex under anesthesia (Carlen et al. 2012 ). However, frequency-specific effects were not investigated. Extending these results, our study provides the first evidence for frequency-specific impairments in phase locking of spikes in response to a sensory stimulus in a mouse model with genetic alterations associated with schizophrenia. Our findings in NRG1 (?/-) mice indicate that enhanced neural noise reduces temporal precision of neuronal firing to a somatosensory stimulus. Along with the decreased spike SNR, deficient phase locking may provide a mechanistic explanation for the adverse impact of increased baseline firing on cognition as previously reported (Belforte et al. 2010; Jackson et al. 2004 ).
Decreased stimulus-induced gamma oscillations in NRG1 (?/-) mice Another novel finding of our study is that NRG1 (?/-) mutants show a smaller gain in relative gamma and gamma SNR with increasing stimulation frequency compared to WT mice. Together with the finding of impaired phase locking to 20-40 Hz stimulation, these results suggest a reduced ability of the neuronal circuitry in NRG1 (?/-) mutants to entrain both evoked and induced gamma activity. These results represent the first demonstration of deficits in sensory-evoked gamma oscillations during sustained, frequency-modulated whisker stimulation in a schizophrenia-related model.
Our findings concur with previous reports of gamma deficits in primary somatosensory cortex during transient whisker deflection in ketamine-treated rats, both under awake and lightly anesthetized conditions (Kulikova et al. 2012) . Our findings also support results in mice with an interneuron-specific deletion of the NR1 subunit of the NMDA receptor. Upon optogenetic stimulation of the primary somatosensory cortex at frequencies ranging from 8 to 200 Hz, the gamma SNR (30-60 Hz) was reduced during 30-60 Hz stimulation in the anesthetized mutants (Carlen et al. 2012) . Furthermore, our findings extend previous research on changes in auditory-evoked gamma power in different schizophrenia animal models. These studies recorded neural activity across the whole brain, and found reductions in auditory-evoked gamma oscillations and gamma SNR in Dysbindin-1 knockouts (Carlson et al. 2011) , in NR1 knockouts (Gandal et al. 2012b) , and in mice treated with the NMDA antagonists MK801 or ketamine (Saunders et al. 2012) . Changes in auditoryevoked responses have also been demonstrated in rats treated with ketamine or muscimol, both of which enhanced oscillatory power in response to 30-40 Hz stimulation (Vohs et al. 2012 ). In addition, reduced gamma oscillations in response to auditory stimuli have been reported in rats treated with methylazoxymethanol acetate (Lodge et al. 2009 ). Furthermore, our results support the role of NRG1 in regulating gamma oscillations, as previously demonstrated in hippocampal slices (Andersson et al. 2012; Deakin et al. 2012; Fisahn et al. 2009 ).
The generation of gamma oscillations depends on fastspiking, parvalbumin-positive interneurons, in particular basket cells, which synchronize the activity of pyramidal cells (Bartos et al. 2007; Cardin et al. 2009; Sohal et al. 2009; Volman et al. 2011) . The fact that the NRG1 receptor ErbB4 is primarily expressed by parvalbumin-positive chandelier and basket cells (Fazzari et al. 2010) suggests that NRG1-mediated effects on gamma rhythms are due to impaired inhibitory signaling. The exact mechanisms underlying such a deficit are currently not clear, however.
Possible anesthesia effects
One limitation of our study is that recordings were made under isoflurane/fentanyl anesthesia. While offering the advantage of controlling the state of arousal of the animals and avoiding an interference of the stimulus response by active whisking, anesthesia might change excitatory and inhibitory signaling pathways and thus affect the response properties. In addition, an interaction between the anesthesia regimen and the NRG1 mutation is possible.
While we cannot fully rule out these confounding effects, we argue that their impact is probably small. First, the level of the isoflurane was kept at a minimum during the recordings (0.1-0.5 %)-well below the concentration at which effects on somatosensory responses detected in previous studies in rats (Detsch et al. 1999 (Detsch et al. , 2002a VahleHinz et al. 2007 ) and humans (Hume and Durkin 1986) . Second, we observed sustained sensory responses that were modulated by the stimulation frequency in both WT and NRG1 (?/-) mice, including robust gamma oscillations in both strains, which indicate that the level of isoflurane used did not alter response properties in either group. Third, isoflurane should decrease network excitability (Becker et al. 2012; Detsch et al. 2002b; Vahle-Hinz et al. 2007 ), rather than enhance it, as seen in the NRG1 (?/-) mutants. Finally, fentanyl may have an impact on signal transmission in nucleus accumbens (Hirose et al. 1998; Yoshida et al. 1999 ) and hippocampus (Horita et al. 1989; Kouvaras et al. 2008) ; however, the only study investigating somatosensory processing did not find an effect (Hume and Durkin 1986) .
Moreover, previous research suggests that the observed changes in neural activity in our mutants as well as in other animal models of schizophrenia are at least to some extent independent of anesthetic conditions. For example, augmented spontaneous firing rates have been described in NR1-deficient mice during active exploration (Belforte et al. 2010 ) and under anesthesia (Carlen et al. 2012) , in awake rats treated with the NMDA inhibitor MK801 (Jackson et al. 2004) , and in hippocampal slices of ErbB4 knockout mice (Del Pino et al. 2013 ). Furthermore, stimulation-induced changes such as whisker-evoked gamma oscillations were shown to be impaired in ketamine-treated, awake and anesthetized rats (Kulikova et al. 2012) . In accordance with the role of NRG1 in ErbB4 signaling and NMDA receptor expression (Bjarnadottir et al. 2007; Mei and Xiong 2008; Newell et al. 2013) , interfering with either NRG1, ErbB4 or NMDA receptor signaling should change gamma power and spiking activity in a similar way. Thus, anesthesia-independent neuronal alterations in ErbB4 knockout mice and NMDA models of schizophrenia strongly suggest that the presented findings in NRG1 (?/-) mice are not simply an artifact of the anesthesia use.
Relevance to findings in schizophrenic patients
The results demonstrate for the first time that a mutation of the schizophrenia-risk gene NRG1 is associated with impaired encoding of perceptual information in the somatosensory cortex. Previous EEG and MEG studies revealed that in response to somatosensory stimulation, schizophrenic subjects display enhanced ERP amplitudes (Ikuta et al. 2007; Shagass 1977) , decreased phase locking (Teale et al. 2013) , reduced phase coherence and decreased power in the 20-40 Hz band (Arnfred 2012; Arnfred et al. 2006; Arnfred et al. 2011) . Our findings in NRG1 (?/-) mutants parallel these reports, suggesting that NRG1 (?/-) mice display an electrophysiological endophenotype of schizophrenia linked to deficient somatosensory information processing. In addition, it is conceivable that the described endophenotype reflects more general schizophrenia-related deficits in sensory processing. In schizophrenia patients, many of the reported abnormalities in the somatosensory domain have also been found with auditory and visual stimuli in patients, including reductions in temporal precision and in 20-40 Hz power (Krishnan et al. 2005; Kwon et al. 1999; Light et al. 2006) . Furthermore, our results showed enhanced spiking activity during baseline conditions in NRG1 (?/-) mutants. Enhanced baseline activity has previously been observed in schizophrenic patients in the 20-50 Hz band of the spontaneous EEG activity (Brockhaus-Dumke et al. 2008; Itil et al. 1972; Kikuchi et al. 2011; Spencer 2012; Venables et al. 2009 ), and increased 40-85 Hz power in healthy subjects after treatment with the NMDA inhibitor ketamine (Hong et al. 2010) . Increased spiking activity in animal models of schizophrenia and enhanced gamma oscillations in patients have been interpreted to reflect abnormally elevated cortical noise that interferes with stimulus processing (Gandal et al. 2012a; Hakami et al. 2009 ). Supporting this notion, our study described reductions in spike SNR during somatosensory stimulation. In schizophrenic patients, reductions in SNR have been demonstrated during auditory stimulation and cognitive tasks (Krishnan et al. 2005; Winterer et al. 2000) , and may be particularly pronounced in the gamma range (Gandal et al. 2012a) . Deficits in SNR have been linked to sensory and cognitive processing deficits in schizophrenia patients Winterer et al. 2000) . Whether patients might display SNR reductions in the somatosensory domain, as suggested by our study, is open for future investigation.
